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"} \What this Course is about

Concentrate on specific examples of
current and future oscillation
physics.

Discuss them in the context of
general principles which unify them.
Occasional “sidebars” for interest.

Focus on things going on at
Fermilab or with lab participation.

Understand limitations and
fundamental systematics.

Discuss future neutrino sources
needed for precision work.



JC. What this Course 1s NOT
e
about

* Not a general review of all neutrino
physics, or even all oscillations,

* Not a detailed quantitative
comparison of various proposed or
running experiments

* No discussion of lots of interesting
dalreas
— Solar neutrinos
— Purely atmospheric experiments (except
In passing)
— Double beta-decay
— Astrophysical neutrinos



L | |
"B&  Basics of Neutrino
Oscillation Experiments

As in all neutrino experiments,
basically counting experiments.

(1) Secondary particle creation

e.g. pN —> nﬂ'i + X MOd?I :
Uncertainties

(2) Decay and projection of secondaries

eg. T —> luﬂ/ﬂ Understood.

(3) Oscillation or new physics
(4) Interactions in detector

Charged Current (CC) V, N o/ . X Model
Neutral Current (NC) v N > v X Uncertainties
o o

(5) Measurement in detector

To be measured

Usual problems



o Refinements on
L'

the Basic ldea

May sub-divide counting by categories

- Type of lepton In CC, u, e, 1

- Kinematic variables:
°9 Ev,9 Y = Epadrons/Ev

Basic measurement IS

N=¢,(E,)o,(E,)

flux cross-section of interest

Must deconvolute using inference,
simulation, previous data, and ratios



# Sidebar-Neutrino
Osclillations - Optical Analogy

Birefringent crystal - different index of
refraction (light speed) for different
polarizations

Polarization rotates because of differential
phase advance o _ gl X
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Je
e Oscillation as “Flavor
Polarization’ Rotation

In general case, rotation isn’t complete

P(2) =1- sin2(2¢9)sin2(%)



T Categorize experiments as
B2 appearance or disappearance

Disappearance - look for a loss of v flux
as a function of spectrum.

Typical v,, — v,, where x = e, T does not leave
typical CC muon in the detector.

Flux, spectral knowledge important systematics.

Examples: MINOS, reactor v, experiments

Appearance - look for the presence of
types of v’s that shouldn’t be there.

Here we are finding the v, end product of
oscillation directly.

Backgrounds now a major systematic!

Examples: NOVA, CNGS, MiniBoone



Two detectors Improves
control of oscillation
measurements

o
L. 2

We need to measure P, the survival or
appearance probability, but what we see IS

far true

obs o (¢v o )far

With the extra measurement at a near detector

we can form
meas (qpv far

(2,0,) 5 =(2,0,) e
/ ( )near

Our measurement at the near /

Well-controlled
systematics on this ratio



e 2-vOscillations in a
'3 3-vWorld

General “Euler Rotation” [‘ju

U
Vr

. V
Formalism

U=U,U U,

1 0 0Y c; O se’Yg s O
=10 Gy Sy 0 1 0 J-s, g O
\O ~ 553 323/\_513e_i5 0 ¢ N 0 0 1
gives

PV —> VvV = 4(U ulU TlU ,uBU T3
+ U ,uZU Z'2U ,uBU 1'3)

U T

and
4 = 2 = 2
P, ., =C0§" 638In" 26, SIn (A5)
\
Ignoring solar oscillations, Note

Familiar 2-generation formula

A, =127AML/E,



F& Beam Transport and
L2 Secondary Focusing

Every conventional neutrino
experiment starts by focusing a
proton beam on a target

Beamline elements are bending
magnets (dipoles) and lenses
(quadrupoles and sextapoles)

There are a variety of ways to focus
the secondary particles created in the

target, which make neutrinos.
— Horn focusing
— Quad focusing

Will discuss the target physics
separately



*Primary Focusing - Magnetic
B2 Quadrupole Lenses

As with all magnets PT — I B dl

In a quadrupole magnet, field strength
Increaseslinearly with distance from
axis, forming a lens.

y
Maxwell’s equations

Insist that focussing in X
must be defocusing iny.
(Field direction)




Magnetic Field In a
Quadrupole Magnet

=

-

N
\%

Fig. 29-16. A vertical focusing quad-
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Unlike an optical lens, only focuses one plane.
If the magnet Is rotated, it couples motion in the

two planes.
There is an analytic formalism to understand

this.

Picture from Feynman Lectures on Physics



L, . |
e Transfer Matrix Formalism

y ) ( position
y'] | angle
focusing from minus

T2, -

f = focal length

TG

defocusing




= “FODO” Cell to focus both
e planes

DO” drlft “FO’!

1 7 1 0OYy
I R B 9
(y-tyl
B ( — 1yl f? j
focusing if | <f,
goes like distance from axis V

T o

Other plane also focussing




Real Elements of NuMI
Beamline

o
L. 2

Target Service MINOS To Soudan
Building 7 . Service ~\
—Main Injector | decay region Building |
=t \ N o
: _'_'—___HI.___':'.—_ S A T
Carrier . 'L:‘_—_:—"—-‘—-'-'::::—_31.:_-_:::__::._____: I_Ii 105 M
Tunnel ,’1?7'?——? %/r:-t—ﬁ-_____._f. L
Target Hall — Beam Absorber —/~~ Minos Hall |
Muon Detectors —”  Minos Near —
Detector
0 64 128 256
T oy —
METERS

FODO Quadrupole
pair

"~ Bending magnets

NuMI Pretarget final transport



L,
M NuM Target - where the
decaying particles start

60 cm graphite fins - water cooled

Be windows at either end

Absorbs 40 KW of power at design
Intensities.

Careful modeling because distribution
of particles coming out affects v flux



T .
D& Sidebar- advanced targeting

At very high beam powers, targeting
becomes more difficult.

Radiation, heat transfer, shock
ISSues.

SNS flowing liquid mercury target
- absorbs 2 MW!

Mercury
Cooling
Jacket

Stainless
Steel
Containment




o Neutrino intensity
' '

depends on beam power

Counter-intuitive because fewer incident particles!

LE Beam x=0, z=735
40 T===iT =2k T 1 1 T 1 7T T 1 T | S [ | Tealet | [ [ | T 1 1 LI T
I T I I I T I I

f <

(5]
Lh

30 p=120 GeV
23 = a0 s p= 80 GeV —
200~ | o2 e p=40 GeV -

v, CC Events/kt/3.8E20POT/0.5GeV

As primary beam energy Increases,
more low X particles are brought
within the focussing zone



o G Secondary Particle
L' '

Production

m and K production in the target are the
ultimate source of neutrino flux

Knowledge and understanding of this is an
Important systematic for oscillation
experiments.

Two types of modeling (using experimental
data as input):

-Hadronic cascade Monte Carlos

FLUKA, MARS, GEANT

Tend to be “black boxes”
Hard to factorize errors

Parametrized Simulations
Example for these lectures: BMPT

Provide the experimenter with
functions, errors



G Experimental data compared
B2 to NuMI data range

Near Detector - pions
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o Example of BMPT
L' |

parametrization - K’s

Invariant cross-section under p, —> yp,
go / — 102

® x_-0016 | @ x_,=0016
K* O x.-o0022 3 K m x.=0033
W x,-003% | X * x_,=0090
: O x,-0045 | © A x_ =015
oW x13 * X, =0067 -g A X, =030
= Ty v x,-00%0 | = v x_ =050
X L A X, -015 |®n ¥, =075
ke ™ A x,.-030 |3T L
- ¥ x_. =050 mD *
L x_, =075 | O & % "
g
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& W
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BMPT parametrization

3
57 = A X)X G g, pyJe "

E
dsp /

- - /
Notes: Limited p!

Cutoff at high x
Enhancement at low X



Example of experimental
program- MIPP experiment at
Fermilab
g dE/dx at 200 MeV

| zkp(+20 GeV) + Carbon 2% |

0.15<p/Z<0.25 (GeV'c)

16 18 2 22 24 26 2B 3 32 a4 2b 38
log, (dEsdx) a.u.

calorimetry

Study p,K + A interactions from 5-85 GeV
Study p + A Interactions at 120 GeV
Measurements on H, Be, C, various metals



*Typical MIPP Preliminary
W Data

Z 10
10°
10 T
PRELIMINARY
L 0 0.5 i
x_|F
E E e mﬁ-v:w:q;-ck;j
E 103= ——————— s aaecls
1-::2; _ =
7 1-::1_

"¢ PRELIMINARY =7

E 1 i
0 0.5 1

= F

Inclusive X¢ distributions for Be (top) and
C (bottom) targets

Working through target list including
NuMI target

Coutesy Messier, NOVE-06



Example of Secondary
Focusing: Parabolic Horn

o
L. 2

Old technology - form pulsed
sheets of current in a cylindrical

geometry. | o r2
return conductor between
i ) > B oc 1/ r conductors
I | = Current IBdI «r lens!

/
'\\//

Many variations on this shape have been
made, with different momentum acceptances

1
—

HIGH CURRENTS - e.g. NuMI horn
uses 180 kKA for ~2 mS.



o

1'FNuI\/II horn under construction
Outer Conducg%p

line

Focus ©t* toward decay pipe

Horn 2 inner conductors Prototype horn 1 in test stand




Secondary Beam Monitoring

*' Hadron Monitor

W (TN N

otal Charge (normalized)
o ©
Y
RN
\
T
./
v

/ —— Hadron Monitor \ e~

—#— Muon Monitor 1

0.2
// —— Muon Monitor 2 \\
0.1

-— - Muon Monitor 3 T ——

-15 -10 -5 0 5 10 15
Vertical Position (mm)

Scan of beam across target shows edges, increased
production in outer baffle - real detail!



# Neutrinos from 7z, K Decay -
Spectrum

Two-body decay 7— pv of CM energy E*

Lorenz Transformation of P, E

M =y(1+ Bcosd’)
M cos@ = y(cos@ + f5)

1
~ y(1- BcosH)
_ 1 .2y
~ y(l-cosd) 1+y°6°

Spectrum depends on angle
Sharper for increased & energy



o

eutrinos from 7z, K Decay - Flux

Lorenz transform P+ this time
Esin g = E™sing’
M sin@ =sin @

for small angles

sinfd=0= MO=6

d > actually, this
— i = M is valid for all
dg values of &*

giving flux compression factor

dQ" singdo” M2 4y*
dQ sin@do 1+ 7°0%)°




o .
=& NuMI Beamline Layout

Absorber ~ Muon Monitors
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675 m P Roek:
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h\”'ﬁfﬂ W
'\\‘. L
o T e ki

0 B A

120 GeV primary Main Injector beam

Target readily movable in beam direction
2-horn beam adjusts for variable energy ranges
675 meter decay pipe for w decay



o

W Beam Energy Variability

18
oo L — .

. Best for low Am2 _, ¢

3 “ME
i N HE -

POT)
o
o
o

Example spectra
from varying
horn positions
[ _ (same effect from
0.000 FE T S mOVing target)

8 10 12 14 1¢
Neutrino Energy (GeV)

v, CC Events in MINOS 5kt
detector (2.5 x 10%° POT/yr)

Low ~ 1600/yr
Medium ~ 4300/yr
High ~ 9250/yr

o o o
o o o
o o -
(0)] oo o
[
i

o
o
)
B

Flux(neutrinos/GeV/m*2/10%
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"M Neutrino Beam 101 (from

8ot
o
n

ton/3.8x10%°
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#CC Events/GeV

o
o
N

<
o
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Sacha Kopp)

A1\

- Total

—— Neck-Neck
----- Neck-Horn2

----- Horn1-Neck

== Underfocused
—— Qverfocused

0 < 10 15 20

Energy (GeV)

30
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"M Beamline Flux Fractional
Uncertainties in NuMI Beam

0.1

n LE—10
i
4o} —— Total errer
L Qo ||
Q.08 S Horn 1 Angle
e Horn 2 Angle
i g’ | — Hern 1 Offset
0.06 - (7.) I Horn 2 Offset
— L s e I Horn Current
S 8 ——  Horn Current Distdbution
U LL N Baffle Seraping
Z.0.04 B - Chase
S 2 B IR Protons on Target
al .
LIJ D Dz _I—I_l_l_—l_ _ ..
I T O e e B e s e e
—0.02
el | | | Ll | | Lo
N i 4 14 16 18

&8 8 10 12
Energy {(GeV)
Kopp, et. al

Does not include errors from
hadron production model



Study typical
uncertainties with beam
energy evolution

0.16 i |
o Total error
014 - — Horn 1 Angle
[ Horn 2 Angle
0.12 | —— Horn 1 Offset
[ Horn 2 Offset
01 L - Harn Current
) L —— Horn Current
~ . Cistribution
y .08 - Baffle Scraping
2 [ Chase
~Q.06 - Protons on Target o2
. i OH‘éH‘AII—HIélHélH1I0HI1‘2‘H1I4IH‘II5IH1IB
) M Energy (GeV)
- 0.04 :
|
(BB S eSS e R e it B s e s
0 Dk mersspi s P
-0.02 L L1
_G'D4 [ 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
0 5 10 15 20 25

Energy (GeV)

NuMI high energy beam at near location
(inset repeats the low energy plot)



Spread of a neutrino
spectrum due to parent
hadron uncertainties

o
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l

Far Detector

70 . E
- GNUMI v17 LE(-10cm.185KA) .

60 - * +— FLUKA'05 LE(-10cm.185kA)

MARS LE(-10cm.185kA)

50 -
4oi . LE(-10cm,185kA)
30¢ £ .
20 s g E

10 ‘11"1:;:_.__ .
= T

B e

o e e

Y 5 10 15 20 25
v, Energy [GeV]

v, CC Events/GeV/3.8x10%° POT/kt

Spread due to models:
8% (peak) Kopp, et. al.
15% (tail)




ton/3.8 X 10”pot

Sk

CC Evts Near Det

o Two detectors to reduce
'

uncertainty
Examples from MINOS

x 104

7000 |
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: @)

000 | E|
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2000 — o

o b Preliminary

simulations using FLUKA

Hadron production
uncertainty dominates
this plot
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Energy (GeV)

In far/near ratio,
hadron uncertainty
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Interlude - the physics of
0.5-5 GeV Neutrino
|nteractions

:

o o o
N o o =

a(v,N —> wX)/E(GeV) (107* cm?Gev™

o
¥

]

107"

‘ I MINOS, NuMI

K2K,
—MiniBQoNE, T2K
Super-K atmospheric v

Complex physics modeled as a
combination of low-multiplicity processes
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"2ME" Pions are produced via
Intermediate resonant states

Pion kinetic energy, MeV —

600 900 1350
I ! l
f '
1 ‘I + 1 +
Rl [T ey e i [ |
%) = =)
2 S
= = -
___--""\.‘____'__—_
| I 1 1 I
1.4 1.6 1.2 20 2.2 24

[nvariant mass of np system, GeV —
Fig. 4.6 Variation of total cross section for ¥ and n~ mesons on protons, with incident pion

energy. The symbol /4 refers to resonances of / = $; Mrefersto / = L. The positions of only a few
of the known states, together with their spin-parity assignments, are given.

Resonances as observed in wtn scattering experiments
(Figure from Perkins, Introduction to High Energy Physics




T
"E" Different models have
underlying physics in common

V ]~ Vv )

'~_

W+
Il/\p p——-""""A++<p

Quasi-elastic Resonant wt production
V [ V.-f |
E\/ \/
wt Wt
PR
Coherent production DIS

Different models combine channels differently.

e.g. NUANCE - coherent addition of resonances
NEUGEN - incoherent addition



T Existing data not strongly
constraining

CC v, Quasi—Elastic Cross Section CC Coherent Pion Production Cross Section
e L = Serpukov, Belikov, Z. Phys. A320, 625 (1985), Al 2500 -
O 2 [ & BNL, Baker, Phys. Rev. D23, 2499 (1981}, D, R
B - ¥ ANL, Borish, Phys, Rev. D16, 3103 (1977), D, 5 o SKAT (CC), Grabosch, Z.P, C31, 203 (1986), CFBr
O, 75 [ © FNAL, Kitagoki, Phys. Rev. D28, 436 (1983), D, c + BEBC (Cce, Marage, Z.P. C43, 523 (1988), Ne
- I O SKAT, Brunner, Z Phys.C45, 551 (1990)_ CF.Br 400 - - CHARM 11 CC), Vilain, PL 3138, 267 (1993), glass
- L A CERN—WA2S, Allosia, Nucl. Phys, B343, 285 (1990), D, 9\
e 1.5 [~ ¢ GGM, Bonetti, Nuovo Cimento, A38, 260, (1977), C;H, o
3 ] ( .
T1_25 = 90 300
§‘ ’ & o, +A = W+ +A)
o B o
o b NUANCE v2
[ 200 -
0.75 |-
0.5 [
I 100
025 | D O
0_ Lol Lol Lol 0 — | | | | | | |
107" 1 10 10° OW25 5 75 10 125 15 17.5 20
E, (GeV) E, (GeV)
G.P. Zeller
~D.45
~
{ —
Coherent, v—bar
£
500.35 d b - I I
] ata basically
— 0.3
o nonexistent in
“3’ 0.2 - -
S region of interest.
3015
T o
Zl
(B
5005
0
10




% Parameters in the models

"W are tuned to exclusive
channel cross sections.

Ot = GQE T Zi (G;es T 1:iGIIDIS)

Charged Current Single Pion Production

~

~




& Worldwide effort to improve

L. 2

knowledge
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G MINERVA, a fine-grained
1'Fneutrino scattering experiment

EM, hadronic calorimetry

Active Scintillator

Nuclear Targets

1

¢Precision study of v - nucleus scattering.

¢Important for minimizing systematic errors of
neutrino oscillation experiments

¢To be located just upstream of MINOS Near
Near Detector

¢High-granularity, fully-active (~6T)
scintillator strip based design.

¢~1 T of nuclear targets (C,Fe,Pb) form
first detector section.



o

L. 2

o (10%° cM?)/'2c NUCLEUS

Example of MINERVA’s Analysis
Potential Coherent Pion Production

CC Coherent Pion Production Cross Section

500
L = MINERVA

300 -

. FNAL (CC), Alderholz, Phys. Rev. Lett. 63, 2349 (1989)
v Aachen (NC), Faissner, Phys. Lett. 1258, 230 (1983)

L o GGM (NC), Isiksal, Phys. Rev. Lett. 52,
400 | o SKAT (CC), Grabosch, Z. Phys. C31, 203 (1986)

A SKAT (NC), Grabosch, Z, Phys. C31, 203 (1986)

» BEBC (CC), Marage, Z. Phys. C43, 523 (1989)

» CHARM (CC), Bergsma, Phys. Lett, 1578, 469 (1985)
. CHARM Il (CC), Vilain, Phys. Lett. 313B, 267 {1993)

1096 (1984)

o(v, + A —> w+m" + A)

200
100 l " +

L N

o, .
\ /
0 |’|T| |ﬂ|||| ||||||||||||||||||||||||||||||
0 2/5 7.5 10 12.5 15 17.5 20
E (GEVY)

Some points are NC
data rescaled to CC

g (107 em?)/™C nucleus

CC Ceoherent Pion Production Cross Section

o
Q
=]

i
Q
=]

300

200

100 |

c

U]
=

.-_,SKAT (CC), Grabosch, ZP C.?H 203(1986) CF{
+ BEBC (CCR Marage, Z.P 523 (19 Ne
L« CHARM Il (CC), Vilain, =y 3138 267 (1993) gloss

olv, +A —> w+7" +A)
NUANCE v2

0V25 5 75 10 125 15 175 20

E. (GeV)




MINOS Long-Baseline
Experiment

Near Detector: 980 tons

FerIEfab 1 10 km Soudan
730 km — =
12 km

km

Far Dete(7or: 5400 tons
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"=ME" Two-detector Disappearance

-2
) x 10 .
Spectrum ratios 04 Allowed regions
(8] L f) . L
@ 1.4 - > C
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S E s |
§ 1 403 F ;
08 ¢ s 0.25 |- Sy
06 - — go%CL ‘:
04 o + = Simuloted data 02 ¢ 99% C.L.
' u + (bm=0.0025 &V, sin"28=1) T % Input parameters
0.7 o —— wdecay (SK) 0.15
. A — VdecoherenceﬁSK) root Super—K, 807 C.L.
O I | L 1 1 | | | || L 1 1 01 1 | | | | | | | | | | ‘ | | |
0 2 4 6 8 10 0.6 0.7 0.8 0.9 1
Neutrino energy (GeV) sin’21

Study atmospheric scale
Vu 2 Ve Am? and sin?246,,

excellent test against alternative
hypotheses



T
e The MINOS Far Detector

8m Octagonal Tracking Calorimeter

486 layers of 2.54cm magnetized Fe plates

2 sections, each 15m long

4.1cm wide solid scintillator strips with WLS
fiber readout (both ends).

Hamamatsu M16 multi-anode PMT readout
Veto shield against entering cosmic ray muons



het

Detector Technology

See talks b
A. Pla-
Dalmau, J.
Grudzinski
for more

detalls.
Scintillator strips are extruded polystyrene

(Itasca Plastic)
1.2 mm Kuraray wavelength shifting fiber
fits Iinto groove

B 41cmX1cm

Groups of 20 or 28 strips are assembled
Into “modules”

Both ends read out to increase light yield.



L,
M MINQOS Detector Technology

Scintillator Module

WLsm\s

< »
<« »

~ : A
Optical Conn. Optical Connector

Optical Connect

Clear Fiber Ribbon Cable (2-6 m)

g Optical Conne(yor

Clear Fiber Ribbon Cable (2-6 m)

onneaon to
electronics
Connection to
electronics

Multiplex
Box

Multiplex
Box

S

PMTS$
Objects not to scale
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#MINOS Calibration Detector

100
95
j=]u]

7o
G5
G0
a5
S0
45
40
35
30

Response / Available Energy (MIPs/GeV)

|§ 0.8
0.75
0.7

0.65
0.6

0.55
0.5

0.4as
0.4

0.35
0.3

0.25
0.2

018
0.1

0.05

L]
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MINQOS Near Detector -
slightly different

44 m

280 single steel plates, shorter modules

Calorimeter (1st 3/7 - logically Veto, Target, Hadron Absorber
Is partially instrumented except for 1/5 of planes with full
coverage

Muon Spectrometer section has only every 5™ plane
Instrumented

Magnet coil provides <B>~ 1.3 T

Near electronics optimized for high occupancy (~20)
during 10 us spill
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